[1] Using the statistical wave power spectral profiles obtained from CRRES wave data within the 0000-0600 MLT sector under different levels of geomagnetic activity and a modeled latitudinal variation of wave normal angle distribution, we examine quantitatively the effects of lower band and upper band chorus on resonant diffusion of plasma sheet electrons for diffuse auroral precipitation in the inner magnetosphere. Whistler mode chorus-induced resonant scattering of plasma sheet electrons is geomagnetic activity dependent, varying from above the strong diffusion limit (timescale of an hour) during active times (AE* > 300 nT) with peak wave amplitudes of >50 pT to weak scattering (timescale of a day) during quiet conditions (AE* < 100 nT) with typical wave amplitudes of ≤10 pT. Chorus waves present at different magnetic latitudes make distinct contributions to the net diffusion rates of plasma sheet electrons, largely depending on the latitudinal variation of wave power. Upper band chorus is the controlling scattering process for electrons from ∼100 eV to ∼2 keV, and lower band chorus is most effective for precipitating the higher energy (>∼2 keV) plasma sheet electrons in the inner magnetosphere. Efficient scattering by the combination of active time lower band and upper band chorus can cover a wide energy range from ∼100 eV to >100 keV and a broad interval of equatorial pitch angle, thereby accounting for the formation of observed electron pancake distribution. Decreased chorus scattering during less disturbed times can also modify the magnetic local time distribution of plasma sheet electrons. Compared to the effects of chorus waves, electron cyclotron harmonic wave-induced resonant diffusion coefficients are at least 1 order of magnitude smaller and are negligible under any geomagnetic condition, indicating that chorus waves act as the major contributor dominantly responsible for diffuse auroral precipitation in the inner magnetosphere. Chorus-driven momentum diffusion and mixed diffusion are also important. Lower band and upper band chorus can cause strong momentum diffusion of plasma sheet electrons in the energy ranges of ∼500 eV to ∼2 keV and ∼2 keV to ∼3 keV, respectively, which can significantly result in energization of the electrons and attenuation of the waves. 
Introduction
[2] It has been long agreed that diffuse aurora, which usually forms the equatorward boundary of auroral oval and considerably modifies the properties of the ionosphere and the middle atmosphere, originates from the wave-particle interaction induced precipitation of plasma sheet electrons in the energy range of ∼100 eV to tens of keV. A number of magnetospheric wave modes have been proposed as viable candidates for the production of diffuse aurora through resonant wave-particle interactions. Electrostatic electron cyclotron harmonic (ECH) waves and electromagnetic whistler mode chorus waves have received the most extensive investigations [e.g., Kennel et al., 1970; Lyons, 1974c; Inan et al., 1992; Villalón and Burke, 1995; Horne and Thorne, 2000; Ni et al., 2008; Meredith et al., 2000 Meredith et al., , 2009 Su et al., 2009 Su et al., , 2010 Thorne et al., 2010] . Previous studies showed that both ECH waves and chorus can cause strong pitch angle diffusion of plasma sheet electrons under certain conditions to account for the occurrence of diffuse aurora. However, detailed quantitative evaluations of resonant diffusion of plasma sheet electrons using statistical wave information are required to fully address the relative roles of each of the above two wave modes in driving diffuse auroral precipitation under different levels of geomagnetic activity.
[3] The present work is a companion paper to Ni et al. [2011a] (hereafter referred to as paper 1). Paper 1 focused on ECH wave scattering of plasma sheet electrons in the inner magnetosphere (L < ∼8). Using the CRRES wave database, a statistical model of the wave power spectral intensity was established for multiple harmonic ECH emissions under geomagnetically quiet, moderate, and active conditions, which were then utilized in combination with HOTRAY [Horne, 1989] simulation results to compute the bounce-averaged diffusion coefficients of plasma sheet electrons by ECH waves. Here, we extend the study by quantifying the effect of resonant diffusion of plasma sheet electrons due to whistler mode chorus waves and compare the results with those for ECH waves shown in paper 1 to evaluate the relative roles of each wave mode. The CRRES wave data obtained from the 0000-0600 MLT range is used to build up a statistical wave power model for chorus emissions in the inner magnetosphere over the spatial region where the diffuse aurora is most intense [Petrinec et al., 1999; Newell et al., 2009 ]. The wave model is then used to evaluate the scattering of plasma sheet electrons from 10 eV to 100 keV under different levels of geomagnetic activity.
[4] Among the most intense electromagnetic emissions in the terrestrial environment, whistler mode chorus waves are observed in the Earth's magnetosphere, predominantly in the low-density region outside the plasmasphere, over a broad range of local times (2200-1300 MLT). Chorus waves occur characteristically in two frequency bands, a lower band (0.1-0.5 f ce ), where f ce is equatorial electron gyrofrequency) and an upper band (0.5-0.8 f ce ) [Burtis and Helliwell, 1976; Meredith et al., 2001] . As coherent intermittent emissions, chorus waves consist of discrete elements or wave packets, which last on a timescale of less than one second, and show a rising or falling tone in time-frequency power spectrograms [e.g., Nunn et al., 1997; Hospodarsky et al., 2001; Santolík et al., 2003 Santolík et al., , 2004 Santolík et al., , 2006 Chum et al., 2007; Schriver et al., 2010] . Chorus emissions are largely controlled by magnetic substorm activity and intensify when substorm activity is enhanced [Meredith et al., 2001] . Typically, chorus amplitudes lie in the range 1-100 pT [Burtis and Helliwell, 1975; Meredith et al., 2003; Li et al., 2009a] , however, amplitudes of ∼1 nT or above have been reported during intense geomagnetic activity [Parrot and Gaye, 1994; Cattell et al., 2008; Cully et al., 2008] .
[5] Observations also show distinct differences in the characteristics of nightside (2200-0600 MLT) chorus and dayside (0600-1300 MLT) chorus. Specifically, nightside chorus is predominantly confined to magnetic latitudes within 15°of the equator while dayside chorus can propagate to much higher latitudes due to weaker Landau damping [Tsurutani and Smith, 1974; Meredith et al., 2001; Horne et al., 2005a; Li et al., 2009a] . Nightside chorus also tends to propagate with wave normal angles smaller than those for dayside chorus. It has been proposed theoretically [Bortnik et al., 2008a] and later confirmed observationally [Bortnik et al., 2009 ] that dayside chorus can propagate into the plasmasphere and there evolve into the plasmaspheric hiss. In addition, while nightside chorus occurs predominantly during geomagnetically disturbed periods [e.g., Meredith et al., 2003; Li et al., 2009a] , dayside chorus can persist even for relatively quiet conditions with the highest occurrence at L > 7 [Li et al., 2009a] . Nightside, equatorial (|l| < 15°, where l is magnetic latitude) chorus waves can be excited by cyclotron resonance with anisotropic 1-100 keV electrons injected near midnight from the plasma sheet [Kennel and Petschek, 1966] . The excitation of nightside whistler mode chorus emissions in the low-density plasma trough was investigated in detail during the two injection events of anisotropic plasma sheet electrons into the inner magnetosphere observed by the CRRES satellite [Li et al., 2008] and by the THEMIS spacecraft [Li et al., 2009b] , respectively. The simulated results indicated that newly injected electrons of 1 keV to 10s keV were responsible for the intensification of lower band and upper band nightside chorus during the linear growth phase. In contrast, the persistent occurrence of dayside chorus could be attributed to the natural enhancement of electron anisotropy in the noon sector in combination with solar wind driven compressions and electron injections [Li et al., 2009a] . Jordanova et al. [2010] have coupled the RCM and RAM codes to evaluate the global distribution of excited chorus emissions, which, however, is outside the scope of this study.
[6] Nonlinear wave growth theories have also been developed to better understand the generation process and wave characteristics of chorus emissions [e.g., Nunn et al., 1997 Nunn et al., , 2009 Omura et al., 2008 Omura et al., , 2009 . It is currently agreed that the nonlinear phase occurs when the linear growth of chorus waves reaches a threshold value above the background noise level. Katoh and Omura [2007] and Omura et al. [2008] simulated the nonlinear growth and saturation of parallel propagating chorus. Omura et al. [2009] proposed a nonlinear mechanism to explain the frequently observed gap at 0.5 f ce of chorus emissions. Nunn et al. [2009] used a one-dimensional Vlasov hybrid simulation code to simulate the dynamical spectra (i.e., frequency-time spectrograms) and reproduced the chorus signals observed by CLUSTER. Self-consistent particle simulation of whistler mode triggered emissions was performed by Hikishima et al. [2010] to study the generation and saturation of whistler waves at the magnetic equator.
[7] The importance of whistler mode chorus to radiation belt electron dynamics has been recognized due to its dual role in both the acceleration and precipitation of radiation belt energetic electrons [e.g., Horne et al., 2005a; Thorne et al., 2005a; Albert, 2004 Albert, , 2007 Summers et al., 2007a Summers et al., , 2007b Shprits et al., 2008 Shprits et al., , 2009b . Chorus can efficiently transfer energy from the abundant low-energy electron (∼10-100 keV) population to higher energy electrons [e.g., Thorne et al., 2005a] . Stochastic energization via gyroresonance with chorus can generate relativistic (>∼1 MeV) electrons outside the plasmapause in the inner magnetosphere. There is considerable theoretical and observational evidence [e.g., Meredith et al., 2002; Reeves et al., 2003; Summers et al., 2002 Summers et al., , 2004 Horne et al., 2005a Horne et al., , 2005b Shprits et al., 2006a; Li et al., 2007; Thorne et al., 2007] that energy diffusion due to chorus is an essential candidate for the enhancements of energetic electron (>∼100 keV) fluxes near the heart of the outer zone during storms or during periods of prolonged substorm activity. More recently, relativistic turning acceleration (RTA) and ultrarelativistic acceleration (UTA) have been proposed as very efficient energization mechanisms for electrons interacting with discrete chorus wave packet(s) in cosmic plasma environments [e.g., Omura et al., 2007; Summers and Omura, 2007; Furuya et al., 2008] . Whistler mode chorus can also cause efficient pitch angle scattering of electrons into the loss cone leading to precipitation into the atmosphere and net losses of energetic electrons from the outer radiation belt [Lorentzen et al., 2001; O'Brien et al., 2004; Thorne et al., 2005b; Orlova and Shprits, 2010] . For example, Thorne et al. [2005b] found that chorus-driven cyclotron resonance could be responsible for the microbursts of relativistic electron precipitation observed by SAMPEX on the dayside [O'Brien et al., 2004] , while Orlova and Shprits [2010] showed that due to field line stretching on the nightside chorus waves could also explain the nightside microburst precipitation. To quantify the diffusion effects of chorus waves on radiation belt electrons in both pitch angle and energy space, numerous studies have applied quasi-linear theory which assumes that chorus waves can be represented by a weakly turbulent continuous (k, w) spectrum and that wave induced particle scattering is stochastic and caused by a succession of small amplitude waves with random phase. Quasi-linear theory provides an effective overall description of resonant diffusion process, but it cannot incorporate phase trapping by the wavefield or highly nonlinear effects. Karpman et al. [1974] were among the first to study the nonlinear theory for a quasi-monochromatic whistler wave packet interacting with the resonant particles in an inhomogeneous plasma. Albert [2000 Albert [ , 2002 analyzed the nonlinear interactions between radiation belt particles and a monochromatic electromagnetic wave. A number of following studies incorporated the effect of fast frequency drift to explore the nonlinear interactions for radiation belt electron acceleration by lightning-induced whistlers [Trakhtengerts et al., 2003] and by chorus wave packets [Demekhov et al., 2006 [Demekhov et al., , 2009 . Recently, very large amplitude whistler mode chorus have been observed both by STEREO [Cattell et al., 2008] and by THEMIS [Cully et al., 2008] , suggesting a new paradigm for the interaction between energetic electrons and chorus waves. Using a general, relativistic, oblique test particle code, Bortnik et al. [2008b] investigated the effect of large amplitude chorus on energetic electrons and found that above a certain critical amplitude the nature of wave-particle interaction changes qualitatively from quasi-linear diffusion processes and needs to be treated with a nonlinear approach. Although the nonlinear effects of chorus-driven particle diffusion could be significant, quasi-linear formalism has been well established and been applied extensively for evaluation of wave induced resonant scattering at radiation belt energies with remarkable effectiveness [e.g., Lyons et al., 1971 Lyons et al., , 1972 Lyons, 1974a Lyons, , 1974b Albert, 1994 Albert, , 2005 Albert, , 2007 Albert, , 2008 Thorne, 1998a, 1998b; Horne et al., , 2005a Horne et al., , 2005b Thorne et al., 2005a Thorne et al., , 2005b Thorne et al., , 2007 Thorne et al., , 2010 Glauert and Horne, 2005; Summers, 2005; Varotsou et al., 2005 Varotsou et al., , 2008 Shprits et al., 2006b Shprits et al., , 2007 Shprits et al., , 2008 Shprits et al., , 2009a Shprits et al., , 2009b Summers et al., 2007a Summers et al., , 2007b Fok et al., 2008; Tao et al., 2008 Tao et al., , 2009 Tao et al., , 2011 Shprits and Ni, 2009; Xiao et al., 2009 Xiao et al., , 2010 Su et al., 2009 Su et al., , 2010 Subbotin and Shprits, 2009; Subbotin et al., 2010] . A recent study of Albert [2010] also demonstrated that suitably averaging the monochromatic diffusion coefficients over chorus frequency and wave normal angle parameters can favorably reproduce the full broadband quasi-linear results. Therefore, in the present study we adopt the quasi-linear equations to quantify the average properties of diffusion process by chorus waves.
[8] While the interactions between whistler mode chorus and energetic magnetospheric electrons (>∼100 keV) have been well investigated, much less attention has been paid to the interactions between chorus waves and magnetospheric electrons below ∼100 keV, typically plasma sheet electrons of ∼100 eV to tens of keV. Oblique high-frequency chorus emissions are able to resonate with the bulk of the plasma sheet electron population [Inan et al., 1992] and has a spatial (MLT, L) distribution similar to that of diffuse aurora [Hardy et al., 1985; Meredith et al., 2009] . By evaluating the effect of pitch angle diffusion by lower band and upper band chorus, Inan et al. [1992] suggested that lower band chorus could cause scattering loss of high-energy electrons (10-50 keV) often related to pulsating aurora, while upper band chorus could scatter the lower energy electrons (1-10 keV) responsible for the dominant energy input of diffuse aurora. Villalón and Burke [1995] also presented a test particle theory as well as numerical calculations for the interactions of whistler mode chorus with <10 keV electrons near the equatorial plasma sheet and found that upper band chorus could scatter plasma sheet electrons into the atmospheric loss cone very efficiently for the formation of diffuse aurora. More recently, Ni et al. [2008] performed a quantitative analysis of the resonant scattering of plasma sheet electrons at L = 6 using empirical wave power distributions for lower band and upper band chorus. They suggested that upper band chorus is the dominant scattering process for electrons below ∼5 keV while lower band chorus is more effective at higher energies, especially near the loss cone. Furthermore, they concluded that chorus scattering could be a major contributor to the origin of diffuse aurora and should also control the MLT distribution of the injected plasma sheet electrons. The evolution of plasma sheet electron pitch angle distribution due to resonant interactions with the double-band chorus emissions was further investigated by Su et al. [2009] by solving the two-dimensional bounce-averaged Fokker-Planck equation with the quasi-linear diffusion coefficients computed based on a high density approximation and an assumed exponentially time-decaying model of chorus wave amplitude. Thorne et al. [2010] analyzed different types of VLF waves measured by CRRES at L = 5 under geomagnetically moderate conditions and evaluated their effects on the trapped electrons. They found that only chorus waves can explain both the rate at which electrons are scattered into the atmosphere and the distribution of trapped electrons left behind in space.
[9] Since accurate evaluations of resonant diffusion coefficients by chorus waves critically depend on the accuracy of the wave power adopted for the computations, in the present study we utilize the CRRES plasma wave database to establish the statistically reliable wave power models for both lower band and upper band chorus waves in the midnight-todawn sector (0000-0600 MLT) where the diffuse aurora activity is strongest. To explore how scattering by chorus waves varies under different levels of geomagnetic activity, we develop a statistical model for the waves under three geomagnetic conditions: active (AE* > 300 nT, where AE* is the maximum value of the AE index in the previous 3 h), moderate (100 nT < AE* < 300 nT), and quiet (AE* < 100 nT), similar to the approach used in paper 1 for ECH waves. Statistical models of wave power distribution over frequency for lower band and upper band chorus with respect to geomagnetic activity intensity are presented in section 2, together with the wave normal angle distributions established on the basis of available observations and theoretical modeling studies. A brief summary of the quasi-linear formulism for evaluation of resonant diffusion by chorus waves is presented in section 3 together with bounce-averaged diffusion rates for magnetospheric electrons in the energy range of 10 eV to 100 keV. A direct comparison is also made with the scattering rates by ECH waves under similar geomagnetic conditions. Section 4 gives a discussion of the limitation of our quasilinear formulation to understanding diffuse auroral precipitation, together with its relevance to other ongoing studies. Finally, in section 5 we state the main conclusions of this study.
Chorus Wave Models
[10] Accurate calculations of quasi-linear diffusion coefficients for resonant interactions between the waves and the electrons require detailed information of the averaged wave amplitude, the wave frequency distribution, and the wave normal angle distribution.
Frequency Spectrum of Nightside Chorus Wave Power
[11] To acquire a statistically reliable frequency spectrum of chorus wave power within the 0000-0600 MLT sector we use the identical CRRES wave database constructed by Meredith et al. [2009] . In addition to binning the wave data as a function of half orbit (inbound and outbound) and L in steps of 0.1 L, the wave magnetic field intensities are obtained from the measured electric field intensities assuming parallel propagation [e.g., Meredith et al., 2003] and are analyzed independently for lower band chorus (0.1-0.5 f ce ) and upper band chorus (0.5-0.8 f ce ) in steps of 0.1 f ce for each band. Specifically, nightside lower band chorus are averaged over three separate magnetic latitude ranges, i.e., 5°< |l| < 10°, and 10°< |l| < 15°and nightside upper band chorus are separated into two latitude ranges of |l| < 5°and 5°< |l| < 10°. By doing so, we construct an improved wave power model for nightside chorus and provide the opportunity to investigate the roles of chorus emissions in both pitch angle scattering and energy diffusion at different latitudes.
[12] Figure 1 shows the averaged magnetic field spectral intensities of lower band chorus (0.1 < f/f ce < 0.5) (solid) as a function of frequency for each of the three chosen magnetic latitude intervals, from top to bottom, under active Figure 1 . Averaged wave magnetic field spectral intensities (solid) at L = 4.0, 4.5, 5.0, 5.5, and 6.0 as a function of normalized wave frequency for nightside (0000-0600 MLT) lower band chorus in the three specified magnetic latitude intervals (|l| < 5°, 5°< |l| < 10°, and 10°< |l| < 15°) under (top) active (AE* > 300 nT), (middle) moderate (100 nT < AE* < 300 nT), and (bottom) quiet (AE* < 100 nT) conditions. Modeled Gaussian fits to the average spectra are shown as dashed curves.
(AE* > 300 nT), moderate (100 nT < AE* < 300 nT), and quiet (AE* < 100 nT) conditions. A least squares Gaussian fit (dashed) is also applied to the wave spectral intensity of lower band chorus at L = 4.0, 4.5, 5.0, 5.5, and 6.0. The most enhanced lower band chorus emissions are observed under active conditions (top), the wave intensities decrease slightly for moderate conditions (middle) and are much weaker by at least an order of magnitude during quiet times (bottom). Interestingly, at lower L shells (∼4) lower band chorus is generally strongest at higher latitudes (10°< |l| < 15°) and weakest near the magnetic equator (|l| < 5°). For L = 5.0 and 5.5 lower band chorus is strongest at intermediate latitudes (5°< |l| < 10°), while equatorial emissions (|l| < 5°) becomes strongest for L = 6.0. Note that the exceptionally strong lower band chorus at intermediate latitudes for less disturbed geomagnetic activity (AE* < 300 nT) may be due to the poor statistics. It is also noteworthy that lower band chorus wave intensities peak at different normalized wave frequency, depending on geomagnetic activity level, L shell location, and magnetic latitude interval.
[13] To apply the least squares Gaussian fit, we have assumed that the lower band waves have a Gaussian frequency distribution given by
where I B is the power spectral intensity of wave magnetic field (in (pT) 2 /Hz), f m and Df are the frequency of maximum wave power and bandwidth, respectively, f lc (=0.1 f ce ) and f uc (=0.5 f ce ) are the lower and upper cutoffs to the wave spectrum outside which the wave power is assumed to be zero, and A′ is a normalization factor given by
where B w is the wave magnetic field amplitude in units of pT and erf is the error function. The parameters obtained for the Gaussian distribution, including magnetic field amplitude (B w ), normalized peak frequency (f m = f m /f ce ), and normalized bandwidth (Df = Df/f ce ) for lower band chorus, are shown in Figure 2 as a function of L shell for all the three magnetic latitude intervals under the three geomagnetic conditions. The profiles of wave amplitude shown on Figure 2 (top) confirms our findings above regarding the wave power dependence on both geomagnetic activity, geocentric distance, and magnetic latitude. For instance, the average amplitude of intermediate-latitude (5°< |l| < 10°) lower band chorus varies from more than ∼100 pT during active times to well below 10 pT during quiet times, principally peaking between 4.5 and 5.5 R E and dominating the chorus emissions at the other two magnetic latitude intervals for the cases that AE* > 100 nT. Both equatorial (|l| < 5°) and higher-latitude (10°< |l| < 15°) lower band chorus also decrease in power with decreased intensity of geomagnetic activity and tend to become more intense than intermediatelatitude chorus during quiet times. Another feature for the frequency spectrum of nightside lower band chorus is that the peak frequency and bandwidth tend to decrease with a decrease in geomagnetic activity level but are mostly confined to 0.2-0.4 f ce and 0.05-0.15 f ce , respectively.
[14] A similar analysis has been performed for nightside upper band chorus as shown in Figures 3 and 4 . It is evident that upper band chorus is less intense than lower band chorus under all geomagnetic conditions. Upper band chorus wave intensities are enhanced during higher levels of geomagnetic disturbance, with the averaged wave amplitude varying from ∼5 pT during quiet times to >∼30 pT under active conditions, and primarily peaking between L = 4.5 and 5.5. Upper band chorus is consistently most intense near the equator (|l| < 5°) except at L = 4.0. The peak frequencies for upper band chorus vary between 0.5 and 0.6 f ce and the bandwidths vary principally between 0.03 and 0.1 f ce , both within a range narrower than that for lower band chorus.
[15] All the above nightside wave characteristics, except those freshly discussed here for lower band and upper band chorus, are in good agreement with the previous investigations [Meredith et al., 2001 . To evaluate resonant diffusion of plasma sheet electrons, we average the model Gaussian parameters (B w , f m , Df ) over L = 4 to L = 6, to establish a representative frequency spectrum for both lower band and upper band chorus, which are tabulated in Table 1 for different levels of geomagnetic activity.
Wave Normal Angle Distribution of Nightside Chorus
[16] It is generally thought that generation of whistler mode chorus takes place close to the geomagnetic equatorial plane [e.g., Burtis and Helliwell, 1969; Burton and Holzer, 1974; LeDocq et al., 1998 ]. Nightside chorus observed during geomagnetic storms is especially interesting for the investigation of the source mechanism [e.g., Anderson and Maeda, 1977; Meredith et al., 2000] . In general, wave normal angles of whistler mode chorus detected within a few degrees of the magnetic equator are usually confined to within 20°of the magnetic field for both bands, predominantly parallel or quasi-parallel to the ambient magnetic field [Burton and Holzer, 1974; Goldstein and Tsurutani, 1984; Santolík et al., 2003] , in agreement with theoretical predictions . However, as the emissions propagate away from the equatorial generation region in a nonducted mode, gradients in plasma density and magnetic field cause the average wave normal angle of both bands to increase progressively from their equatorial values, i.e., more oblique chorus propagation Burton and Holzer, 1974; Goldstein and Tsurutani, 1984; Breneman et al., 2009] . While there is some evidence of chorus excitation with an angular distribution not centered on the field direction [e.g., Lauben et al., 2002; Chum and Santolík, 2005; Figure 3 . Averaged wave magnetic field spectral intensities (solid) at L = 4.0, 4.5, 5.0, 5.5, and 6.0 as a function of normalized wave frequency for nightside (0000-0600 MLT) upper band chorus in the two specified magnetic latitude intervals (|l| < 5°and 5°< |l| < 10°) under (top) active (AE* > 300 nT), (middle) moderate (100 nT < AE* < 300 nT), and (bottom) quiet (AE* < 100 nT) conditions. Modeled Gaussian fits to the average spectra are shown as dashed curves. Santolík et al., 2006; Platino et al., 2006] , modeled the propagation characteristics of chorus using the statistical distributions of CRRES suprathermal electron fluxes and found that the bulk of the chorus wave power is consistent with generation in a quasi field-aligned orientation. They also showed that lower band chorus can propagate to higher latitudes than upper band chorus due to stronger Landau damping for oblique upper band chorus. Most recently, Breneman et al.
[2009] reported chorus emission characteristics on the basis of 62 chorus events observed by the multiple CLUSTER spacecraft. In combination with a ray tracing technique, they found that the observed lower band chorus is predominantly fieldaligned within a few degrees of the magnetic equator and becomes more oblique (∼20°-30°) at higher latitudes, while upper band chorus tends to propagate with large wave normal angles up to their final latitudes. Haque et al. [2010] , using the Polar data, found that for upper band chorus, wave normal angles tend to remain at or rise toward resonance cone angle for low and middle latitudes but move away from the resonance cone angle at higher latitudes due to strong Landau damping. Despite the controversies and uncertainties on the wave normal distribution of chorus emissions, in particular for upper band chorus, in the present study we use an empirical model for the wave normal angle distribution (tabulated in Table 2) [17] The wave normal distribution of chorus wave power is also assumed to be Gaussian, given by
where is the wave normal angle, m the peak, w the angular width, and lc and uc the lower and upper bounds to the wave normal distribution outside which the wave power is zero. For simplicity, we assume that such wave normal angle distributions for both chorus bands do not change with the level of geomagnetic activity.
Resonant Diffusion of Plasma Sheet Electrons
[18] With the statistical information of wave power frequency spectrum and modeled wave normal angle distri- [19] Our calculations are performed at L = 6, including the contributions from cyclotron harmonic resonances between N = −5 and N = 5 and the Landau resonance N = 0. The nightside lower band chorus and upper band chorus is confined to 15°and 10°of the magnetic equator, respectively, with the assumption that the wave power distribution is constant within each specified magnetic latitude interval for both bands. The equatorial electron number density and magnetic field at L = 6 are the same as used for ECH waves in paper 1, obtained by averaging the CRRES observations for different geomagnetic activity levels. Specifically, the equatorial electron density is 2.88 cm −3 , 5.52 cm −3 , and 16.9 cm −3 and the equatorial magnetic field is 103 nT, 115 nT, and 116 nT, respectively, for geomagnetically active, moderate, and quiet conditions. Correspondingly, the ratio of equatorial electron plasma frequency to gyrofrequency is 5.3, 6.6, and 11.3. We also assume that the electron density is constant with latitude, and the magnetic field has a dipolar latitude variation scaled by the above observed equatorial values. The lower and upper cutoff frequency for lower band is 0.1 f ce and 0.5 f ce , and we take 0.5 f ce and 0.65 f ce as the lower and upper cutoff frequency for upper band chorus, since statistically there is very little wave power outside this frequency range.
[20] The net bounce-averaged coefficients for pitch angle diffusion (hD aa i), momentum diffusion (hD pp i) and (pitch angle, momentum) mixed diffusion (hD ap i) by lower band chorus and upper band chorus are presented and are compared with the net diffusion rates by the multibanded ECH waves evaluated in paper 1 to obtain the combined diffusion of plasma sheet electrons by chorus and ECH waves and to differentiate the relative role of each wave mode in driving diffuse auroral precipitation.
[21] Figure 5 shows the bounce-averaged diffusion rates of electrons between 10 eV and 100 keV due to lower band chorus, upper band chorus, and ECH waves on the nightside (0000-0600 MLT) and the total diffusion rates due to combined diffusion by all three waves for geomagnetically active conditions (AE* > 300 nT). Near the loss cone, lower band chorus is capable of causing efficient pitch angle scattering of electrons between 2 keV and 100 keV; upper band chorus can induce intense scattering loss of plasma sheet electrons from ∼100 eV to ∼3 keV. ECH waves can also cause scattering loss of plasma sheet electrons from ∼100 eV to ∼5 keV, but at a rate at least an order smaller than that for upper band chorus. The combined effect of pitch angle scattering by lower band chorus, upper band chorus and ECH waves, obtained under the assumption that individual wave processes are additive and independent, demonstrates that under active conditions the combination of all three waves produce rapid precipitation losses of plasma sheet electrons over a broad range of both energy and pitch angle, namely, from ∼100 eV to 100 keV with equatorial pitch angle a eq from the loss cone to up to ∼80°depending on electron energy. A good estimate for the electron loss timescale is given by 1/hD aa i where the bounce-averaged electron pitch angle scattering rate hD aa i is evaluated at the equatorial loss cone angle (a eq ) LC [e.g., Shprits et al., 2006c; Summers et al., 2007b; Albert and Shprits, 2009] . At L = 6, (a eq ) LC = 2.9°in a Figure 6 . Bounce-averaged pitch angle scattering coefficients hD aa i as a function of equatorial pitch angle for electrons interacting with each of the three wave modes at L = 6 and the net diffusion rates at the specified energies from 200 eV to 20 keV, under geomagnetically active conditions (AE* > 300 nT). The horizontal dashed line in each plot represents the strong diffusion rate D SD for comparison. dipole field. As a consequence, we can see that during active times the majority of plasma sheet electrons (hundreds of eV to a few keV) suffer very efficient scattering loss on a timescale of less than an hour (with hD aa i ≈ 10 −3 s −1 near the edge of the loss cone), shorter than their transport time for drift between midnight and dawn that generally takes several hours. Consequently, the flux of injected plasma sheet electrons will be significantly depleted during the transport process. Such intense plasma sheet electron precipitation into the atmosphere can account for the global distribution of Figure 7 . Same as in Figure 5 , except for geomagnetically moderate conditions (100 nT < AE* < 300 nT). Figure 8 . Same as in Figure 6 , except for geomagnetically moderate conditions (100 nT < AE* < 300 nT).
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diffuse auroral precipitation, which peaks in the post midnight sector.
[22] Our calculations also show that there is inefficient scattering of electrons with a eq > ∼80°, which should lead to the formation of pancake shaped pitch angle distribution [e.g., Meredith et al., 1999; Su et al., 2009] as the injected plasma sheet electrons drift from nightside to dayside. Detailed modeling of the evolution of the injected electron distribution function is described in a companion study [Tao et al., 2011] . The large rates of momentum diffusion for electrons near 1 keV by chorus waves are consistent with previous calculations of strong Landau damping of nightside chorus waves . The combined rates of mixed diffusion (hD ap i) are generally smaller than pitch angle diffusion rates (hD aa i), though in certain ranges of electron energy and pitch angle they are comparable to each other, and should be included in modeling of the electron pitch angle distribution [e.g., Tao et al., 2009; Subbotin et al., 2010] . Momentum diffusion coefficients hD pp i by the three wave modes show distinct features: while ECH waves have little effect on momentum diffusion, lower band chorus tends to cause most intense momentum diffusion for ∼2-3 keV electrons at a eq < 40°, and upper band chorus induces strong momentum diffusion for ∼500 eV to 2 keV at lower a eq and for >2 keV electrons at higher a eq . The resonant electron energies for the Landau resonance with lower band and upper band chorus are consistent with the above energy ranges at lower a eq where peaks of hD pp i occur. Shprits and Ni [2009] showed that chorus-driven Landau resonance, which does not produce efficient pitch angle scattering, can result in a significant energy diffusion of 10 keV electrons at lower equatorial pitch angles. A recent study of Ni et al. [2011b] also found that Landau resonance dominantly accounts for the net chorus momentum diffusion rates at lower a eq for ∼200 eV to 3 keV electrons, regardless of the adopted magnetic field model.
[23] In principal, the results in Figure 6 for active conditions are consistent with those in Figure 4 of Ni et al. [2008] in that the combined rates of pitch angle scattering can approach or exceed the rate of strong diffusion [Schulz, 1974] (dotted horizontal lines) and in that the scattering rates exhibit similar variations with electron energy and equatorial pitch angle. However, in the present study we have adopted an improved model of chorus waves at L = 6 based on a statistical analysis of CRRES wave data and also included the dependence of wave power and wave normal angle distribution on magnetic latitude. Additionally, comparisons of scattering by lower band and upper band chorus with the scattering by ECH waves have been illustrated quantitatively. Due to the MLT variation of chorus wave intensity and the most intense wave activity at the nightside, it is expected that the approach to strong diffusion scattering on the nightside is not applicable at all MLTs but the net scattering loss rates can be still efficient enough to drive the precipitation loss of injected plasma sheet electrons into the atmosphere on timescales comparable to an hour. Figure 9 . Same as in Figure 5 , except for geomagnetically quiet conditions (AE* < 100 nT).
[24] A comparison of bounce-averaged diffusion coefficients by lower band chorus, upper band chorus and ECH waves for the periods of moderate geomagnetic activity is shown in Figure 7 , and a comparison of hD aa i with the rate of strong diffusion is shown in Figure 8 . Compared to the rates for active times, scattering rates are substantially smaller, mainly due to decreases in the averaged amplitudes for each wave mode. The loss timescales for diffuse auroral electrons, estimated from hD aa i at the edge of the loss cone, are correspondingly longer on the order of an hour or more. The reduced hD aa i near the loss cone for ∼2 keV electrons could be responsible for the flattening in pitch angle distribution around a few keV [Tao et al., 2011] . Upper band chorus is still capable of pitch angle scattering electrons near the loss cone at a rate comparable to that of strong diffusion at energies in the range of a few 100 eV to 1 keV. Lower band chorus can also cause rapid scattering, albeit below the strong diffusion rate, for electrons above 5 keV. However, ECH scattering is relatively insignificant. A comparison of bounce-averaged diffusion coefficients for quiet time conditions is shown in Figure 9 , and hD aa i is compared to the rate of strong diffusion in Figure 10 . The combined diffusion rates under quiet time conditions are generally 2 orders of magnitude smaller than those for active time conditions, and hD aa i is well below D SD , suggesting much longer electron lifetimes of the order of hours or a day.
Discussions
[25] An improved statistical model of chorus waves based on the CRRES wave database has been established to compute more accurate average chorus-induced electron diffusion coefficients. However, we caution that the results of our analyses could be influenced by natural variations of plasma density and wave properties. Extremely large chorus intensities are occasionally observed [e.g., Cully et al., 2008; Cattell et al., 2008] . Exclusion of such extremely strong chorus wave events from the wave database used in this analysis can result in smaller averaged wave amplitude and thus weaker diffusion effects of chorus emissions on plasma sheet electrons. Variability in the magnitude of chorus wave intensity during different levels of geomagnetic activity therefore needs to be addressed in subsequent studies. On the other hand, we note that the applicability of quasi-linear theory is very likely to break down for very large amplitude whistler mode waves and for any naturally generated discrete wave packet especially with a fast frequency variation, and therefore nonlinear wave-particle scattering must be evaluated [e.g., Karpman et al., 1974; Albert, 2000 Albert, , 2002 Trakhtengerts et al., 2003; Demekhov et al., 2006 Demekhov et al., , 2009 Bortnik et al., 2008b] .
[26] The wave angle distribution of chorus as a function of latitude is another important factor in the determination of quasi-linear diffusion coefficients of resonant electrons. It is generally agreed that lower band chorus waves are most probably excited close to the field-aligned direction in the source region near the magnetic equator, and subsequently become more oblique during propagation to higher latitudes. However, there is contradictory evidence on whether the generation of upper band chorus occurs in a field-aligned direction or close to the resonance cone angle. Hayakawa et al. [1984] and Muto et al. [1987] , using GEOS 2 and GEOS 1 satellite observations, respectively, suggested that upper band chorus propagate with wave normal directions very close to the local resonance cone, which would imply that they are quasi-electrostatic whistler mode waves. In contrast, Hospodarsky et al. [2001] concluded that the waves propagate primarily parallel to the magnetic field within 5°o f the magnetic equator and Lauben et al. [2002] concluded that the wave normal angles in the equatorial source region have values ≈ 0°. Most recently, Haque et al. [2010] used data from the high-frequency waveform receiver onboard the Figure 10 . Same as in Figure 6 , except for geomagnetically quiet conditions (AE* < 100 nT).
Polar spacecraft to characterize the distribution of the chorus wave normal angle as a function of magnetic latitude. They found that for upper band chorus, wave normal angles tend to remain at or rise toward the resonance cone angle for low and middle latitudes but move away from the resonance cone angle at higher latitudes due to strong Landau damping and that for lower band chorus, wave normal angles with values < 20°have the highest probability of occurrence in the latitude range of 10°to 50°. Based on these previous analyses, there is clearly considerable uncertainty in the wave normal distribution of both lower band and upper band chorus and its variation with magnetic latitude. This suggests the need for a comprehensive sensitivity study of how variations in the wave normal distribution should affect chorus-induced resonant diffusion, which will be a subject of follow-up investigation.
[27] In addition, for upper band chorus we have chosen the maximum wave normal angle uc (=45°) to be smaller than the resonance cone angle corresponding to the largest wave frequency (f/f ce = 0.65 in this study). Cold plasma theory limits electromagnetic whistler mode wave propagation to angles less than resonance cone angle res . When chorus waves propagate obliquely very close to res , as reported [e.g., Hayakawa et al., 1984; Muto et al., 1987; Haque et al., 2010] , we need to treat the computation of chorus-driven diffusion coefficients in a more careful manner since the waves tend to be quasi-electrostatic and hot plasma theory prevails. The proximity of uc to res can strongly influence the quantification of resonant waveelectron interactions.
[28] To evaluate the diffusion rates by upper band chorus we have confined the wave frequency band to 0.5 < f/f ce < 0.65 on the basis of the modeled Gaussian fits to the statistically averaged CRRES wave intensities (Figure 4) . There have been a number of observations showing upper band chorus occurrences with higher frequencies up to f/f ce = 0.8 [Burtis and Helliwell, 1976; Meredith et al., 2009] . The excitation mechanism for these very high frequency upper band chorus waves is an open question since the highly anisotropic distribution of source electron population required to generate these waves has been very rarely observed. While these higher frequency upper band chorus waves are observed occasionally, they generally contain much less power than the lower frequency portion of upper band chorus. Therefore, it is reasonable to adopt the upper cutoff wave frequency f uc /f ce = 0.65. However, it is expected that inclusion of chorus wave power at higher frequencies f/f ce > 0.65 could lead to an increase in resonant diffusion of <∼5 keV electrons and extension of diffusion rates to large equatorial pitch angles closer to 90° , consequently influencing the occurrence of diffuse aurora and the formation of pancake distribution of plasma sheet electrons.
[29] Similar to ECH wave scattering [Ni et al., 2011a] , chorus-driven precipitation losses of plasma sheet electrons depend critically on the level of geomagnetic activity. Large decreases in chorus wave intensity along with decreased geomagnetic disturbances result in a dramatic drop in scattering rates at all kinetic energies and equatorial pitch angles. Slower and weaker diffuse auroral precipitation generally occurs when the geomagnetic activity is low, consistent with the previous statistical studies of the dependence of diffuse aurora intensity on the strength of geomagnetic activity [Petrinec et al., 1999; Newell et al., 2009] . Our results show that active time chorus activity can cause very efficient scattering of plasma sheet electrons from ∼100 eV to tens of keV, approaching the regime of strong diffusion (on a timescale of an hour). Under such conditions, the bulk of the injected electrons would suffer rapid precipitation loss on a timescale shorter than the convective transport time to the dayside (approximately several hours). During geomagnetically moderate or quiet times, chorus scattering rates decrease and the precipitation rates are smaller. The dependence of the loss timescales of plasma sheet electrons on geomagnetic activity presented in this study is consistent with the conclusions of Schulz [2001a, 2001b] that pitch angle diffusion less than everywhere strong is needed to better simulate the global MLT distribution of diffuse auroral precipitation and also account for the observed decrease in trapped electron flux on the dayside [e.g., Li et al., 2010] . Also due to much stronger scattering over a broad range of pitch angle near the loss cone, the resonant diffusion by chorus shows appropriate characteristics to account for the evolution of the pancake shaped electron distribution frequently observed both at the nightside following substorm activity [Meredith et al., 2000] and throughout the dayside .
[30] It is evident from our results that the role of ECH waves in inducing diffuse aurora precipitation is relatively insignificant in the inner magnetosphere, compared to that of chorus waves, which is consistent with the finding of Thorne et al. [2010] . Although ECH waves can separately cause efficient pitch angle scattering (on a timescale of several hours or a day) of plasma sheet electrons under geomagnetically disturbed conditions, the scattering rates are always considerably smaller than those for chorus waves, and ECH wave scattering is confined to a much smaller range of pitch angle. However, in a recent statistical study using the THEMIS filter bank wave data, Li et al. [2009a] found that nightside chorus waves tend to maximize at L < 7 and become weak or disappear at L > ∼8. Since the occurrence of diffuse auroral precipitation extends over a broader spatial region of 4 ≤ L ≤ 12 [Newell et al., 2009] , this suggests that ECH waves, which can characteristically extend into the outer magnetosphere ∼20 R E with intense emissions (spectral density greater than >1 mV/m/Hz 1/2 ) occurring frequently within L ≈ 12 [Roeder and Koons, 1989] , could play an important or even dominant role in driving diffuse auroral precipitation in the outer (L > ∼8) nightside magnetosphere.
[31] Su et al. [2009 Su et al. [ , 2010 have also recently evaluated bounce-averaged rates of scattering by whistler mode chorus and used the results to model the evolution of plasma sheet electron pitch angle distributions following substorm injections. However, they made rather arbitrary assumption on the wave amplitudes and wave frequency spectra for both lower band and upper band chorus. They also applied a high density approximation to calculate the diffusion coefficients, which inevitably introduces errors in the diffusion rates particularly at low resonant energies . The improved wave model presented here, based on CRRES observations, and the associated diffusion coefficients should provide much more reliable scattering rates for future modeling of the global evolution of injected plasma sheet electrons and the formation of pancake distribution.
Conclusions
[32] Accurate evaluation of resonant diffusion coefficients requires a realistic, detailed description of wave power, including both the wave spectral intensity as a function of frequency and the angular distribution. To investigate the importance of chorus waves in driving diffuse auroral precipitation, we have developed a statistical model of the frequency spectrum of nightside (0000-0600 MLT) chorus wave intensity under different levels of geomagnetic activity, using the high-resolution 15 month wave data provided by the Plasma Wave Experiment on board the CRRES spacecraft. We have improved the models for chorus emissions by taking into account the latitudinal variations of wave power in three magnetic latitude intervals (|l| < 5°, 5°< |l| < 10°, and 10°< |l| < 15°) for nightside, lower band chorus and two latitude ranges (|l| < 5°and 5°< |l| < 10°) for nightside, upper band chorus.
[33] Using the obtained statistically improved model of chorus wave power and an empirical model of the latitudinal variations of wave normal angle distribution based on the theoretical and observations studies available, we have evaluated quantitatively the effects of lower band and upper band chorus on resonant scattering plasma sheet electrons, and their potential contributions to diffuse auroral precipitation under different levels of geomagnetic activity. The relative roles of chorus and ECH waves in driving diffuse auroral precipitation under similar levels of geomagnetic activity has also been evaluated. Our main conclusions are summarized as follows:
[34] 1. Combined scattering of plasma sheet electrons by chorus emissions and ECH waves in the inner magnetosphere can account for the occurrence and global distribution of diffuse auroral precipitation, and its variability with geomagnetic activity. However, compared to the scattering rates due to chorus waves, ECH wave scattering rates are at least 1 order of magnitude smaller and thus have a relatively negligible effect under any geomagnetic condition. Upper band chorus provides the dominant scattering process for electrons from ∼100 eV to ∼2 keV, while lower band chorus is most effective for precipitating higher energy (>∼2 keV) plasma sheet electrons.
[35] 2. Scattering of plasma sheet electrons by whistler mode chorus strongly depends on geomagnetic activity, with strongest wave power in the inner magnetosphere under disturbed conditions. Bounce-averaged rates of pitch angle scattering near the loss cone can approach or exceed the strong diffusion limit leading to effective lifetimes (estimated by 1/hD aa i at the equatorial loss cone angle) less than or comparable to an hour during active times (AE* > 300 nT), with peak chorus amplitudes of >50 pT. The scattering rates decrease to values well below the strong diffusion limit during quiet conditions (AE* < 100 nT), when typical wave amplitudes are less than 10 pT.
[36] 3. Combined rates of scattering are most efficient over a broad range of pitch angle between the loss cone and a maximum pitch angle (a eq ) max (between 60°and 80°), which depends on energy. Such rapid scattering for a eq < (a eq ) max in absence of scattering above (a eq ) max can lead to the development of the pancake shaped electron distribution over a time interval comparable to an hour, following the injection of plasma sheet electrons into the inner magnetosphere during substorm activity [Tao et al., 2011] , consistent with the observations of Meredith et al. [2000] .
[37] 4. Rapid scattering loss of electrons on timescales (approximately hours) shorter than the transport time for convective drift to the dayside can also account for the observed Li et al., 2010] MLT distribution of suprathermal electrons exterior to the plasmapause.
[38] 5. Chorus-driven momentum diffusion and mixed diffusion are smaller than pitch angle diffusion but still not negligible. In particular, lower band and upper band chorus can cause strong momentum diffusion of plasma sheet electrons in the energy range of ∼500 eV to ∼2 keV and ∼2 keV to ∼3 keV, respectively, which predominantly results from the Landau resonance between chorus waves and plasma sheet electrons and results in the energization of the electrons at intermediate pitch angles and attenuation of the waves.
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